Insulin and juvenile hormone signaling direct entry of the mosquito Culex pipiens into its overwintering adult diapause, and these two critical signaling pathways appear to do so by converging on the regulation of forkhead transcription factor (FOXO). Diapause is a complex phenotype, and FOXO emerges as a prime candidate for activating many of the diverse physiological pathways that generate the diapause phenotype. Here, we used ChIP sequencing to identify direct targets of FOXO. The nearest gene in a 10-kb region surrounding a predicted binding site was extracted for each binding site, resulting in a dataset containing genes potentially regulated by FOXO. By selecting candidate genes based on their functional relevance to diapause, we identified five gene categories of potential interest, including stress tolerance, metabolic pathways, lifespan extension, cell cycle and growth regulation, and circadian rhythms. Twelve targets were prioritized for further analysis, 10 of which were validated by ChIP-quantitative PCR and quantitative real-time PCR. These 10 genes activated by FOXO are highly up-regulated during diapause and are thus strong candidates for implementation of the diapause syndrome.
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diapause | Culex pipiens | forkhead transcription factor | insulin D iapause is a complex phenotype characterized not only by its hallmark trait of arrested development, but also by switches in behavior, suppressed metabolism, and enhanced responses to a range of environmental insults (1, 2) . In the mosquito Culex pipiens, the diapause syndrome encompasses a cessation of reproductive maturation, a switch from blood feeding to sugar feeding, migration to protective overwintering sites, suppression of metabolism, and enhanced stress responses to combat low temperature, desiccation, and pathogens (3) (4) (5) (6) (7) . These characteristics are indeed diverse, and it is not at all clear how the major hormonal signals that govern diapause are translated into the suite of features that comprise the diapause phenotype. A shutdown in the production of juvenile hormone (JH) is a nearly universal endocrine mechanism for insect diapauses that occur in the adult stage (8) , and, more recently, the insulin signaling (IS) pathway has also been implicated in diapause regulation (9) (10) (11) (12) . The JH and IS pathways merge, as shown in Fig. 1 . The IS pathway is linked to stimulation of the corpora allata to produce JH, and the IS and JH signaling pathways appear to collaboratively mediate expression of the forkhead transcription factor (FOXO). In the absence of IS and JH signaling, FOXO is activated, and this activation is critical for fat accumulation (13) , cessation of ovarian development (9) , and the elevated antioxidant responses (14) associated with diapause in Cx. pipiens. The genetic pathway involving IS and FOXO appears to also play a critical role in regulating dauer formation in the nematode Caenorhabditis elegans (15) and reproductive diapause in the fruit fly Drosophila melanogaster (16), thus suggesting a common mechanism regulating these diverse forms of developmental arrest.
We propose that FOXO may be a key downstream regulator that acts as a major developmental switch contributing to many of the diverse attributes of diapause. In the set of experiments described here, we use ChIP-sequencing (ChIP-seq) to further test the hypothesis that activation of FOXO is responsible for triggering many of the downstream physiological responses that characterize the diapause phenotype. Numerous genes targeted by FOXO are linked to pathways important for diapause, such as stress tolerance, energy storage, lifespan extension, cell cycle regulation, and circadian rhythms, and these targeted genes are expressed more highly in diapausing mosquitoes.
Results
Genome-Wide Mapping of FOXO-Binding Sites During Diapause. We exploited the combined technology of ChIP and Illumina deep sequencing to map target genes of FOXO (Fig. 2) . We used adult females reared under short day lengths to generate diapause, an arrested state in which the IS and JH pathways are inactive and FOXO is strongly activated (11) . These conditions thus provided a potentially enriched source of FOXO targets. After ChIP, the recovered DNA was PCR-amplified and sizefractionated, following the preparation protocol for an Illumina sequencing library. Total reads of 2,103,126 DNA fragments, originating from three rounds of independent samples, were mapped to the Culex genome. Our initial analysis yielded 4,642
Significance
Diapause is an alternative developmental pathway exploited by insects and other invertebrates to survive inimical seasons. Like many insects that enter an adult diapause, the mosquito Culex pipiens responds to the short day lengths of autumn by feeding extensively on sugar, stockpiling huge fat reserves, halting reproduction, suppressing metabolism, boosting defense responses, and migrating to protected sites where it can safely bridge the winter months. In the experiments presented here, we propose that many of the diverse features of the diapause phenotype are the consequence of activating forkhead transcription factor (FOXO), a transcription factor downstream of insulin and juvenile hormone signaling. Our experimental results reveal how these upstream hormonal signaling pathways act through FOXO to generate the complex phenotype known as diapause.
binding sites, with a cutoff level between 12 and 1,202 reads supporting each binding site. Next, we selected only binding sites that had a consensus-binding motif of invertebrate FOXO (17) . Using these consensus-binding motifs, GTAAACA (A/T), we selected 72 candidate genes that were nearest to the binding sites.
The 72 genes represented a variety of biological processes such as metabolism, development, intra-and extracellular signaling, transcription, translation, as well as stress responses ( Fig. 2 and Dataset S1). Among these, we then categorized candidate genes based on their functional roles predicted by proteinprotein BLAST and Gene Ontology searches. Five categories particularly relevant to diapause included stress tolerance, metabolic pathways, lifespan extension, cell cycle and growth regulation, and circadian rhythms ( Table 1) .
ChIP-Quantitative PCR Analysis Validates the Specificity of FOXO
Binding to the Target Promoter Regions of Candidate Genes. ChIPquantitative PCR (qPCR) was used to confirm the in vivo specificity of FOXO binding to the candidate target genes that contained a FOXO binding site in the promoter. We confirmed specificity of these genes by comparing the amount of ChIPqPCR product from immunoprecipitated DNA obtained by using anti-FOXO antibody vs. preimmune serum (control). A considerably higher amount of target DNA was immunoprecipitated with anti-FOXO than with preimmune serum (Fig. 3) . Only base-level binding to anti-FOXO could be detected in the control samples (Fig. 3 ). These two results show that the promoters we identified bind specifically to FOXO. The remaining genes are yet to be analyzed.
Transcriptional Regulation During Diapause. We determined whether expression of these target genes was modulated in a FOXOdependent manner. Quantitative real-time PCR (qRT-PCR) showed that 10 of the 12 target genes were up-regulated in diapause, whereas two (CPIJ004110 ladybird and CPIJ004932 nsds2) were not (Fig. 4) . These results indicate that FOXO acts as a key activator to induce the target genes that are thought to be involved in generating the diapause phenotype, as previously suggested in C. elegans and D. melanogaster (18) (19) (20) (21) .
Thus, we have detected 10 genes showing up-regulation that is dependent on FOXO. The other two genes failed to show significant up-regulation during diapause, although they were found to be legitimate binding targets of FOXO (Table 1 and Dataset S1). The lack of detectable up-regulation might be a result of relatively weak binding of FOXO, or these results may indicate that these FOXO targets act in concert with other cofactors such that up-regulation of one is not sufficient to produce a transcriptional product, or that FOXO binds nonproductively. Possibly, some of the FOXO targets are not important for the diapause program, and some of these targets may not mediate processes regulated by the IS pathway, as FOXO is also the downstream target of several other pathways independent of IS (22, 23).
Discussion
Our results point to several distinct groups of genes that the transcription factor FOXO targets to promote the diapause phenotype. We envision that activation of FOXO is essential for activating a number of distinct gene networks that contribute to the overwintering diapause phenotype. The ChIP-seq results suggest many more possible targets beyond what we have validated, and certainly additional signaling pathways may also contribute to the diapause phenotype, but the results we present are consistent with the molecular responses one might expect to be important for generating the diapause phenotype. Categories including stress tolerance, metabolic pathways involved in energy storage and utilization, cell cycle regulation, lifespan extension, and links to circadian rhythms are all functions that are anticipated to be critical for a successful diapause, as outlined later.
Overwintering Stress Tolerance. Enhanced stress tolerance is one of the hallmarks of diapause (2), and several genes encoding stress-related proteins were revealed in our ChIP-seq analysis as being under the control of FOXO. One is oxidoreductin-1-like protein, a protein likely involved in reducing oxidative stress during mosquito diapause. We previously demonstrated that catalase and superoxide dismutase, enzymes involved in the detoxification of reactive oxygen species, are activated in early diapause (14) , and the ChIP results further underscore the importance of this response during diapause. A gene encoding major royal jelly protein-1 was also identified from our ChIP-seq analysis. This protein, described from the honeybee, is the most abundant protein found in royal jelly and is known to have strong antibacterial activity (24, 25) , thus suggesting that a protein in this family may be used by diapausing mosquitoes to combat bacterial infections. Such a response would be concordant with the up-regulation of other immune responses we have found to be associated with mosquito diapause (26) . In addition, a major challenge of overwintering is low temperature, and mechanisms for tolerating low temperatures are frequently components of the diapause program (27) . Among common strategies used to combat cold stress is fortification of the cytoskeleton. This response is especially evident in Cx. pipiens, in which two actin genes encoding proteins that fortify the cytoskeleton of the midgut muscles are linked to cold tolerance (28) . A candidate gene encoding PDZ and LIM domain protein 2 was identified from our ChIP-seq analysis; this protein is an adapter protein that is located on the actin cytoskeleton, where it promotes cell attachment and controls muscle development (29) .
Metabolic Pathways Related to Energy Storage and Utilization. Efficient storage and utilization of energy reserves during diapause is crucial not only for surviving prolonged periods of developmental arrest but also for maximizing reproductive success when diapause has terminated and development resumes (30) . Among candidate genes in this category are several that may contribute to energy storage. Glycogen synthase, which converts glucose residues one by one into a polymeric chain for storage as glycogen, is a key enzyme in glycogenesis. Early in the diapause of Cx. pipiens (7-10 d after adult eclosion), glycogen accumulates and is used to maintain energy homeostasis during the first month of diapause (31) . Glycogen synthase is also known to be allosterically regulated by kinases, including glycogen synthase kinase-3 (32), thus suggesting that regulation of glycogen synthase activity and that of other critical enzymes is clearly not limited to transcriptional control. This example of glycogen synthase implies that a more comprehensive understanding of diapause will also require the incorporation of nontranscriptional mechanisms such as phosphorylation and allosteric modifications into models of diapause regulation. We previously monitored 31 fat-related genes in relation to diapause in Cx. pipiens and noted major responses in these genes in relation to diapause (13) . Fat accumulation is a striking feature of early diapause, and one of the most dramatic effects on fat accumulation was attained by knocking down foxo: injection of dsRNA caused an immediate halt in fat accumulation (9) . We thus have strong reasons to believe that fat accumulation is an important component of the diapause syndrome and that FOXO is involved in this response. This conclusion is further bolstered by our results from ChIP-seq analysis that identified two genes relevant to fat transport and utilization. These include putative ATP-binding cassette G and LDLR chaperone boca, which have potential roles in intracellular lipid transport processes and cellular lipid homeostasis (33, 34) .
Lifespan Extension. Adult females of Cx. pipiens that live for only approximately 1 mo without diapause are, when the diapause program is invoked, suddenly capable of living 5 mo or more (7). Histone deacetylases, such as silent information regulator 2 (Sir2) and Rpd3, are involved in chromatin silencing and have been implicated in increased lifespan in several organisms, including C. elegans and D. melanogaster (35) (36) (37) . In this ChIP experiment, we identified PAX-interacting protein, which is involved in localization of silencing proteins, including Sir2 (38, 39) . Histone deacetylase activity of Sir2, driven allosterically by an increase in levels of nicotinamide-adenine dinucleotide (40), is a key regulator of lifespan extension noted in caloric restriction; thus, it will be interesting to determine whether similar metabolic shifts activate PAX-interacting protein, leading to elevation of Sir2-promoted silencing during the diapause of Cx. pipiens.
Cell Cycle and Developmental
Regulation. An arrest in development is, of course, a key characteristic of diapause. In Cx. pipiens, ribosomal proteins S3A, S6, and S24 are expressed at low levels or not at all during the early stages of developmental arrest, but then are highly up-regulated before termination of diapause. Suppression of these genes appears to be critical for regulating the arrested ovarian development in Cx. pipiens (41) . FOXO proteins have reported roles in inducing cell cycle arrest, thereby counteracting senescence and promoting longevity. For example, dauer larvae of C. elegans are particularly long-lived, and, in this species, a FOXO homolog induces a G 0 /G 1 cell cycle arrest through the induction of Cip/Kip inhibitor, Cki-1 (42). This role for FOXO is also evident in Drosophila (43), in which activated dFOXO promotes G 1 cell cycle arrest and concurrently lengthens lifespan. We found two entries that may be involved in arresting development. Putative mitotic checkpoint protein BUB3 regulates chromosome segregation during oocyte meiosis in flies (44) . As ovarian arrest is one of the key features of the diapause phenotype in Cx. pipiens, BUB3 may play a role in regulating development of the mosquito ovaries. In addition, a gene encoding homeobox transcription factor has been identified; an ortholog was recently implicated in ovarian development in D. melanogaster, but the functions of this protein have not been extensively studied (45) .
Circadian Rhythm Gene. Although the precise role of the circadian clock in regulating a photoperiodic response such as this is still a bit unclear, there is growing evidence that circadian clocks do in fact contribute to the decision to enter diapause (46, 47) . Knocking down expression of period or timeless, two of the canonical clock genes, prevents Cx. pipiens from entering diapause (48) , thus suggesting that a functional clock is essential for the programming of diapause. Interestingly, our ChIP-seq analysis identified a gene encoding a takeout-like protein putatively involved in the circadian clock system. Based on Drosophila studies, an ortholog (CG2650) of this gene appears to be a downstream effector of the circadian clock function (49) . This ortholog is abundantly expressed at pupation in Drosophila and then decreases with age. It is during this time that Cx. pipiens is especially sensitive to photoperiod for the programming of diapause, but its photosensitivity also persists into early adult life. This candidate gene may be a critical link between the upstream photoperiodic response and the downstream pathway mediated through IS.
The results we present are thus consistent with a critical role for the transcription factor FOXO acting as a "master switch" in generating the diapause phenotype. Rather than a multitude of genes acting independently to produce diapause, many of the characteristic aspects of diapause may be prompted by one or more transcription factors such as FOXO that activate diverse gene networks that collectively generate the diverse traits we recognize as the diapause phenotype.
Materials and Methods
Insect Rearing. Experiments used an anautogenous colony of Cx. pipiens L. originating from larvae collected in Columbus, OH, in September 2000. Larvae were reared in dechlorinated tap water and fed a diet of ground fish food (TetraMin). Adults were maintained on honey-soaked sponges and kept in large screened cages. Nondiapausing adults were generated by rearing at 18°C, 75% relative humidity, with a 15 h:9 h light:dark daily light cycle, and were provided continuous access to honey sponges. To induce diapause, all stages were reared at 18°C, 75% relative humidity, with a 9 h:15 h light:dark daily light cycle. Honey sponges were removed from the short-day cages 10-13 d after adult eclosion to mimic the absence of sugar in the natural environment during the overwintering period, but water was continuously available.
Diapause Evaluation. Several indicators were used to assess diapause. The fat body is the major site of lipid storage, and diapausing females accumulate more than twice the amount of lipid as their nondiapausing counterparts within the first week after adult eclosion (9, 13) . Fat content, quantified by using the vanillin assay (9), thus provided a useful indicator of the diapause phenotype. In addition, we monitored ovarian development as another key indicator of diapause: primary follicle and germarium length were measured, and the stage of ovarian development was determined according to methods described by Christophers (50) . Oocyte development in diapausing females is halted at 50-70 μm (Christopher stage I or II) 1 wk after adult eclosion (51) . In contrast, oocytes attain a length of >90 μm (Christopher stage IV or higher) in nondiapausing females by this time. Thus, we have two markers for determining the diapause status of the experimental mosquitoes 1 wk after adult eclosion.
Whole-Genome ChIP-Seq. Illumina ChIP-seq combines ChIP with massively parallel DNA sequencing to identify binding sites of the DNA-associated FOXO transcription factor. Illumina ChIP-seq technology precisely and costeffectively maps global binding sites for FOXO. Completion of the genome project for Culex quinquefasciatus (previously considered a subspecies of Cx. pipiens complex) allowed us to use this technology to elucidate genetic networks of transcription factors of interest. ChIP-seq was performed by using the Illumina genome analyzer in the Molecular and Cellular Imaging Center at the Ohio State University. An essential aspect of this procedure was the availability of a high-quality antibody of the target transcription factor; we used an antibody to Cx. pipiens FOXO that was described in our previous immunoblot study (12) .
Preparation of Samples for ChIP Assays and Prioritization. ChIP samples were collected from whole bodies of diapausing and nondiapausing females 1 wk after adult eclosion. At that time, we could easily distinguish between diapause and nondiapause. Immunoprecipitation was performed as described previously (18, 52) using our anti-FOXO antibody, and ChIP-seq sample preparation for sequencing was performed according to the manufacturer's instructions (Illumina). Nonredundant Illumina reads were mapped to the Cx. quinquefasciatus genome (v. CpipJ1.2; VectorBase) using the Bowtie program (53). FOXO binding sites were then predicted by using the cisgenome program (54) . The nearest one gene in a 10-kb region surrounding the predicted binding site was extracted for each binding site, resulting in a dataset containing genes potentially regulated by FOXO.
Independent Validation of Chromatin Enrichment by ChIP-qPCR. Independent ChIP samples were collected from whole bodies of diapausing females 1 wk after adult eclosion. Immunoprecipitation was performed by using the preimmune serum or the anti-FOXO antibody, and DNA samples were analyzed by using ChIP-qPCR. To compare DNA copy numbers between the ChIP samples with preimmune serum or the anti-FOXO antibody, qPCR was performed by using an iQ5 real-time PCR detection system (Bio-Rad) as described previously (55) . Sequences of gene-specific qPCR primer sets are listed in Table S1 . Statistical significance of differences in copy numbers of candidate FOXO binding sites was determined by using a Student t test to assess relative amounts of DNA fragments derived from each ChIP sample incubated with preimmune serum or anti-FOXO antibody across three replicates for each target site; a P value less than 0.05 was considered to indicate a significant change in the amount of DNA fragments.
Transcript Levels of Candidate Genes from ChIP-seq in Diapausing and Nondiapausing Mosquitoes Using qRT-PCR. Twelve candidate genes were selected from the nearest genes of the binding sites of FOXO. To compare transcript levels of the 12 candidate genes in diapausing and nondiapausing females, total RNA samples were extracted with Trizol (Invitrogen) from three batches of 15 adult female mosquitoes 1 wk after adult eclosion. For reverse transcription, 5 μg total RNA was reverse-transcribed with SuperScript III RNase H-reverse transcriptase (Invitrogen). qRT-PCR was performed by using an iQ5 real-time PCR detection system (Bio-Rad). Ribosomal protein L19 (RpL19) was used as an internal control; sequences of the qRT-PCR primers are listed in Table S2 . Statistical significance of differences in the expression of individual genes was determined by using a Student t test to evaluate the relative transcript values derived from diapausing and nondiapausing mosquitoes across three replicates for each gene.
